Critical current density J c and pinning force density F p have been investigated for the superconductor/superconductor multilayers NbTi/Nb and superconductor/normal metal multilayer NbTi/Ti under parallel and perpendicular magnetic fields. The layered structure itself has been confirmed to play as an effective flux pinning centre enhancing F p⊥ under parallel magnetic fields.
Introduction
Parallel critical fields H c2 of multilayer superconductors are usually enhanced in comparison with perpendicular fields H c2⊥ as confirmed by many reports [1] . The multilayer structure is also expected to enhance the critical current J c under parallel magnetic fields, because the vortex driving force is perpendicular to the layers and the vortex motion should be impeded by the multilayer structure itself [2, 3] . Then the pinning force density F p⊥ in the perpendicular direction may be strongly affected by the kind of the metal of intervening sublayer and the structural modulation wavelength λ.
By using dual sputtering technique, we have fabricated Nb 65 Ti 35 /Nb and Nb 65 Ti 35 /Ti multilayers in order to compare the behavior of J c and F p of superconductor/superconductor (NbTi/Nb) and superconductor/normal metal (NbTi/Ti) multilayers. The details of the sample preparation was reported elsewhere [4] . The thickness of each sublayer was designed to be equal, i.e. λ/2 = d NbTi = d Nb (or d Ti ). The J c measurement was performed by a 4-terminal resistive method mainly at 1.5 K using a 10 T superconducting magnet. Figure 1 shows the field dependence of critical current J c at 1.5 K under parallel (J c ) and perpendicular (J c⊥ ) magnetic fields. The absolute values of J c are slightly larger for NbTi/Nb multilayers (7 ∼ 10 × 10 5 A cm −2 ) than for NbTi/Ti (5 ∼ 8×10 5 A cm −2 ). Because both sublayers of NbTi/Nb are superconductive, the electrical current flows through both sublayers, while the current can flow only through NbTi sublayers in NbTi/Ti. This may explain the smaller J c values of NbTi/Ti multilayers at low fields.
Results and discussion
From the measured values of J c and J c⊥ we can calculate the macroscopic pinning force densities F p and F p⊥ , which are defined as F p⊥ = J c × H and F p = J c⊥ × H ⊥ , respectively. In Fig. 2 . These results indicate that the multilayer structure really acting as an effective pinning center in both systems. Figure 3A shows the λ dependence of the maximum F p field H(F max p ) at which the maximum pinning occurs. In Fig. 3A Finally we make a brief comment on the pinning mechanisms operating in these multilayer systems. For Nb/Ti, the superconductor/normal metal multilayer, the fluxoids are stabilized in Ti sublayers and the superconducting condensation energy is the main vortex pinning energy. The elementary pinning force f p across the interface may be estimated from the core interaction formula, e.g. f p ≈ 0.3ξ NT H 2 c (1 − H/H c2 ) with thermodynamical critical field H c and the coherence length ξ NT of NbTi layer. In contrast, for NbTi/Nb, the superconductor/superconductor multilayer with almost the same condensation energy of both layers, the main origin of the pinning force comes fromh 2 (∇ψ) 2 /2m * term of the GL free energy (ψ: order parameter, m * :
effective mass), which stabilizes the fluxoids in NbTi sublayers [5] . It is noteworthy that the overall features of F max p⊥ versus λ curve are similar for NbTi/Nb and NbTi/Ti multilayers in spite of the different vortex site and different pinning mechanisms between the two systems.
As a summary, the multilayer structures of NbTi/Nb and NbTi/Ti systems have been confirmed to enhance the pinning force density F p⊥ perpendicular to the layer plane. Although the pinning mechanisms are different between these superconductor/superconductor and superconductor/normal metal multilayers, the most effective pinning occurs near the quasi-two-dimension to two-dimension transition of superconductivity in both systems. In comparison with NbTi/Ti, F p⊥ in NbTi/Nb is enhanced at lower magnetic fields. Important superconducting material parameters are summarized in Table 1 for multilayers studied in this report. (1996) .
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